This study presents a novel double-side CMOS (complementary metal-oxide-semiconductor) post-process to monolithically integrate various capacitance-type CMOS MEMS sensors on a single chip. The CMOS post-process consists of three steps: (1) front-side bulk silicon etching, (2) backside bulk silicon etching and (3) sacrificial surface metal layers etching. Using a TSMC 2P4M CMOS process and the present double-side post-process this study has successfully integrated several types of capacitive transducers and their sensing circuits on a single chip. Monolithic integration of pressure sensors of different sensing ranges and sensitivities, three-axes accelerometers, and a pressure sensor and accelerometer are demonstrated. The measurement results of the pressure sensors show sensitivities ranging from 0.14 mV kPa −1 to 7.87 mV kPa −1 . The three-axes accelerometers have a sensitivity of 3.9 mV G −1 in the in-plane direction and 0.9 mV G −1 in the out-of-plane direction; and the accelerated measurement ranges from 0.3 G to 6 G.
Introduction
The standard CMOS (complementary metal-oxidesemiconductor) process, offered by various commercial foundries such as TSMC (Taiwan Semiconductor Manufacturing Company), UMC (United Microelectronics Corporation), etc, has been extensively applied to fabricate MEMS devices [1] . The integration of the standard CMOS process and various CMOS post-processes for MEMS applications have been summarized in [2] . In general, the CMOS post-processes to fabricate suspended MEMS structures can be categorized into three types: (1) front-side bulk Si etching [3, 4] ; (2) backside bulk Si etching [5] ; and (3) surface micromachining by removing sacrificial metal films from the front-side of the Si substrate [6, 7] . CMOS MEMS processes have the advantage of monolithic integration of the integrated circuit (IC) and micromechanical components. In addition, mature CMOS fabrication processes are available in many IC foundries. CMOS-based micro fabrication technology provides a promising approach to implement MEMS sensors. To date, various CMOS-based MEMS sensors have been reported, for instance, inertial sensors [8] , chemical gas sensors [9, 10] , microphones [11] and pressure sensors [7] .
The integration of sensors has many applications in the automobile industry, consumer products and various other industries. For instance, the integration of a pressure sensor, temperature sensor and accelerometer is used for a smart tire pressure monitoring system (TPMS) 3, 4, 5 . The pressure sensor and temperature sensor of the TPMS are respectively employed to detect the tire pressure and temperature in the wheel. The integration of an accelerometer into the TPMS detects the centrifugal force from the rotating wheel and acts as a switch to power on the TPMS system (see footnote 4). 3 Freescale semiconductor http://www.freescale.com/. 4 Freescale semiconductor, TPMS WHITE PAPER: Freescale SinglePackage Tire Pressure Monitoring System (TPMS). 5 Infineon Technologies http://www.infineon.com/cms/en/product/index.html.
Front-side suspended through way Passvaiton Sensing Circuit An approach integrating MEMS devices with CMOS-IC using a Si wafer bonding process, and further integrating piezoresistive pressure sensors and accelerometers has been demonstrated in [12] . A silicon-on-glass (SOG) process has been used to monolithically integrate temperature, pressure and relative humidity sensors in [13] . The integration of chemical, calorimetric and mass-sensitive sensors on a single chip using the CMOS approach is reported in [14] .
Although there are many available micro sensors implemented using CMOS MEMS processes, it is difficult to monolithically integrate these CMOS MEMS sensors since they have different post-processes [2] . It would be useful to establish a generic post-process platform to simultaneously implement various CMOS MEMS sensors, so as to streamline the monolithic integration of sensors.
This study has integrated sacrificial metal layers etching with both frontside and backside bulk silicon etching to demonstrate a novel double-side CMOS post-process. Various capacitance-type CMOS MEMS sensors, including multi-axes accelerometers and pressure sensors of different sensitivities and sensing ranges, have been successfully fabricated and monolithically integrated on a single chip using the double-side CMOS postprocess.
CMOS MEMS double-side post processing
This study establishes the process flow in figure 1 to fabricate and integrate various capacitance-type CMOS MEMS sensors. The chip is fabricated using the standard TSMC 0.35 μm 2P4M CMOS process. In addition to CMOS layers, the TSMC process also provides interconnect layers. Thus, as illustrated in figure 1(a) , four aluminum metal films (named M-1 to M-4), four silicon dioxide dielectric films, one passivation layer, and several tungsten vias are stacked and patterned on top of the silicon substrate using the TSMC process. The present doubleside post-CMOS processes are illustrated in figures 1(b)-(f ). In short, these CMOS post-processes consist of: (1) front-side bulk silicon etching, (2) backside bulk silicon etching and (3) sacrificial surface metal layer etching.
As shown in figure 1(b) , the backside of the silicon substrate is etched by DRIE (deep reactive ion etching) to expose the thin film layers. An aluminum film patterned using lift-off acts as the etching mask during DRIE. After that, the tungsten-vias and aluminum films are employed to act as the sacrificial layers [6, 7] . Etching solution composed of H 2 SO 4 and H 2 O 2 is used to etch through these sacrificial layers from the backside to form suspended mechanical structures and sensing electrodes, as shown in figure 1(c). More detailed information about etching the backside sacrificial layers will be discussed in figure 2. In the meantime, the same etching solution is also used to etch through the sacrificial layers of the aluminum and tungsten-vias from the front-side of the substrate to form the out-of-plane gap. As illustrated in figures 1(d )-(e), the existing CMOS post-process is performed on the front-side of the substrate [3] . As shown in figure 1(d ) , the RIE (reactive ion etching) process removes the passivation and dielectric films from the front-side of the substrate. The top metal layer (M-4) acts as the etching mask to define the planar shape of the sensors. After that, the silicon substrate is exposed in some regions. As indicated in figure 1(e), the substrate is then etched isotropically from the front-side of the substrate using XeF 2 to fully suspend the MEMS components. For some applications, such as pressure sensors, the substrate can be further sealed with Pyrex7740 glass at the backside, as shown in figure 1(f ). Thus, various CMOS MEMS sensors can be fabricated and monolithically integrated on a single chip using this double-side process. Figure 2 shows detailed process steps of the backside etching process in figure 1(c). The pitch of tungsten-vias is filled with silicon oxide (named oxide block) by the TSMC process. In this study, the widths of the tungsten-vias and oxide blocks are all 0.5 μm to meet the TSMC design rules. Thus, the in-plane dimensions of the structures and the inplane gap are determined by the number of tungsten-vias and oxide blocks, as shown in figure 2(a). Moreover, the out-of-plane gap is determined by the number of stacked tungsten-vias and aluminum films. H 2 SO 4 and H 2 O 2 etching solutions are used to remove metal films (including aluminum and tungsten). As shown in figure 2(b), the tungsten-vias are etched away, and part of the aluminum is exposed to the etching solution. After that, the exposed aluminum film is undercut until it is fully etched, as illustrated in figure 2(c). The oxide blocks surrounded by tungsten-vias and aluminum film are suspended, and as shown in figure 2(d ), these suspended oxide blocks are removed from the silicon substrate. Following the same steps, the exposed tungsten-vias, oxide blocks and aluminum film could be removed, as indicted in figure 2(e). During the etching of sacrificial metal layers, the dielectric and passivation films act as the etching stop layers. Thus, in-plane and out-of-plane gaps of different sizes and patterns are fabricated after etching these sacrificial metal layers. For instance, as indicated in figure 2(f ), the out-of-plane gap is defined by the M-2 and M-3 sacrificial layers, and the tungsten vias is 2.3 μm, whereas the gap defined by the M-2 sacrificial layer is only 0.65 μm. The in-plane gaps shown in figure 2(f ) (from left to right) are 1.5 μm, 2.5 μm and 3.5 μm in width, respectively.
Concept of sensors design
Monolithic integrations of various capacitive type sensors, including pressure sensors of different sensing ranges and sensitivities, an in-plane accelerometer, and an out-of-plane accelerometer are employed to demonstrate the feasibility of the double-side post-process. The out-of-plane deformation of a micromachined diaphragm and the out-of-plane as well as in-plane motions of a micromachined proof-mass shown in figure 1 lead to the capacitance change of sensing electrodes. In this study, the CMOS circuits form a standard two-stage cascode differential amplifier [15] , which is employed to act as the capacitance readout circuit. The CMOS circuits are monolithically integrated with the MEMS structure. Finally, the voltage output is detected using this monolithically built-in capacitance readout circuit. The design concept and sensing principle of these sensors are discussed as follows.
Pressure sensor
Figure 3(a) shows schematic illustrations of the capacitancetype pressure sensor design in this study. This device is mainly realized using the backside post-process. The present pressure sensor consists of a diaphragm and suspended structures, both of which have embedded sensing electrodes and are formed by dielectric and metal films of the CMOS process. The metal films of the CMOS process act as sensing electrodes. The diaphragm and its embedded sensing electrode (named deformable electrode) are deformed by the pressure load. On the other hand, the suspended structure and its embedded sensing electrode (named reference electrode) can be deformed by the pressure load. As a result, the pressure difference on both sides of the diaphragm leads to a gap and a capacitance change between the sensing electrodes. The pressure sensor illustrated in figure 3 (a) employs M-1 and M-4 aluminum films to act as the reference and deformable electrodes, respectively. The two metal layers are covered with dielectric SiO 2 films to prevent electrical short circuiting of the sensing electrodes.
The characteristics and sensitivity of the pressure sensor in figure 3 (a) vary with the diaphragm stiffness and the gap between the sensing electrodes. The stiffer diaphragm endures higher pressure loading without large nonlinear deformation or damage. As indicated in figure 3(b) , various diaphragm thicknesses and sensing gaps are created by designing the stacking of metal films and the locations of tungsten plugs of the CMOS process. Therefore, the sensing range and sensitivity of the pressure sensor can be changed by the present processes. According to the TSMC 0.35 μm 2P4M CMOS process, the diaphragm thickness for sensor-I as indicated in both figures 3(a) and (b) is 1.92 μm.
The distance between the M-1 and M-4 electrodes is 4.3 μm, and the gap between the diaphragm and reference electrode is 2.3 μm. As a comparison, sensor-II in figure 3(b) also employs M-1 (reference electrode) and M-4 layers (deformable electrode) to act as the sensing electrodes. Sensor-II uses only the M-2 layer (whereas sensor-I employs both M-2 and M-3 layers) to define the gap between the diaphragm and the reference electrode.
Proof mass
Top electrode
Bottom electrode
Multi-axis accelerometer Thus, sensor-II has a smaller gap yet a thicker diaphragm than sensor-I. As a result, sensor-II is more appropriate for high pressure applications. In addition, sensor-III also employs the M-2 layer to define the gap between the diaphragm and the reference electrode. However, the M-1 (stationary electrodes) and M-3 layers (deformable electrodes) are used as the sensing electrodes. Hence, sensor-III has a larger initial capacitance of sensing electrodes and a higher sensitivity. In short, the performance of the pressure sensors can be easily adjusted using the novel double-side CMOS MEMS processes. Five different pressure sensor designs shown in figure 3(b) have been summarized in table 1. Since these pressure sensors can be simultaneously fabricated using the double-side process, pressure sensors of different sensing ranges and sensitivities can be monolithically integrated on a single chip.
In-plane and out-of-plane accelerometers
The designs of in-plane and out-of-plane CMOS MEMS accelerometers using a front-side post process have been respectively reported in [6, 16] . This study further employs these accelerometer designs to demonstrate the feasibility of the present double-side post process. In addition, this study also implements a three-axes accelerometer by means of the monolithic integration of these in-plane and out-ofplane accelerometers, as shown in figure 4 . The present in-plane and out-of-plane accelerometers mainly consist of a proof mass, support springs and sensing electrodes. The proof mass of the spring-mass system is excited after subjection to acceleration. The motion of the proof mass leads to the capacitance change of the sensing electrodes and determines the acceleration. Finally, the integration of the accelerometers and pressure sensors is realized using the present double-side post-process, as shown in figure 1(f ) .
Results
This study has successfully demonstrated the following three applications of sensor integration using the present doubleside process: (1) pressure sensor arrays of different sensing ranges and sensitivities, (2) three axes accelerometers and (3) integration of a pressure sensor and accelerometer. The voltage outputs of these sensors are detected using the built-in capacitance readout circuits. The fabrication and measurement results of these sensors are discussed as follows.
Application I: pressure sensor arrays
The scanning electron microscope (SEM) micrograph in figure 5(a) shows the front-side view of a typical fabricated chip containing five pressure sensor designs indicated in figure 3(b) . The diaphragms of these five pressure sensors have the same in-plane dimensions of 300 μm × 300 μm. The SEM micrograph in figure 5(b) (left-hand side) shows the cross-section image of sensor-I prepared by FIB (focused ion beam). The zoom-in micrograph (right-hand side) clearly demonstrates the cross-sections of the diaphragm, the suspended reference electrode and the 2.3 μm thick gap. These fabrication results demonstrate that the suspended MEMS structures and sensing electrodes are successfully implemented after removing the metal and tungsten-via sacrificial layers. The photo in figure 6(a) shows the front-side and backside views of typical fabricated chips. Holes of two different sizes etched by DRIE are observed at the backside of the substrate. Figure 6 (b) further shows the bonding of the sensor chip with Pyrex glass to form a complete pressure sensing unit. The chip is shown in figure 6 (c) after wire bonding and packaging inside a ceramic case. The packaged chip is used in the following pressure loading tests. Figure 7(a) shows the test setup that characterizes the performance of the pressure sensors. The sensor is placed inside a pressure chamber and the output voltage change resulting from the variation of the chamber pressure is measured by a spectrum analyzer. Limited by the test apparatus, the relative pressure load on the sensor is within the range of 20 kPa. can be modified using the present double-side CMOS MEMS processes.
Application II: three-axes accelerometers
The SEM micrograph in figure 9 demonstrates a typical fabricated chip containing accelerometers of three different axes, as shown in figure 4 . The double-side CMOS MEMS processes successfully integrate the fully-differential capacitance sensing accelerometers reported in [6, 16] . Figure 10(a) shows the test setup to characterize the performance of three-axes accelerometers. The sensor chip was excited by a shaker, and the output voltage change of the accelerometer was measured by a spectrum analyzer. Figure 10(b) shows the typical characterization results of output voltage versus acceleration for the in-plane X-axis (or Yaxis). As a result, this three-axes accelerometer has sensitivity and nonlinearity of 3.9 mV g −1 and 1.06%, respectively, in its X-axis (or Y-axis). In this test, the measurement range is 0.3-6 G. Figure 11 further summarizes the measurement results of sensitivity and cross-axis sensitivity for three different axes. 
Application III: pressure sensor and G sensor
The SEM micrograph in figure 12 shows the front-side of a typical fabricated chip containing a pressure sensor and an accelerometer. The 300 μm × 300 μm diaphragm of the pressure sensor is clearly observed. This pressure sensor has the same design as sensor-I. The suspended spring, proofmass and sensing electrodes of the in-plane accelerometer are also demonstrated in the photo. The performances of these integrated sensors are characterized using the test setups shown in figures 7(a) and 10(a). Figure 13 shows typical measurement results. The pressure sensor has a sensitivity of 2.95 mV kPa −1 and linearity of 4.21%, and the accelerometer has a sensitivity of 4.06 mV G −1 and linearity of 1.51%. These results agree well with those measured from the chips of pressure sensor arrays and three-axes accelerometers.
Conclusions
This study presents a double-side CMOS post-process to implement various capacitance-type CMOS MEMS sensors. Moreover, these CMOS MEMS sensors can be monolithically integrated on a single chip. The post-process mainly contains: (1) aluminum films and tungsten-vias sacrificial metal layers etching and (2) front-side and backside bulk silicon etching. To meet the CMOS process design rule, the in-plane dimensions of the suspended MEMS structures and the in-plane gaps are determined by the number of tungsten vias during the backside process. On the other hand, the out-of-plane gap is determined by the number of stacked tungsten-vias and aluminum films. The pressure sensor and accelerometer have been successfully fabricated and integrated using the TSMC 0.35 μm 2P4M CMOS process and the present double-side post-process. This study has demonstrated a chip containing five pressure sensors with different sensitivities. By varying the stacking of the metal and dielectric films, the diaphragm thickness and the stiffness of the pressure sensor are changed. The measurement results show that the sensitivity of the pressure sensors ranges from 0.14 mV kPa −1 to 7.87 mV kPa −1 . The chip containing three-axes accelerometers is also demonstrated. The threeaxes accelerometers have a sensitivity of 3.9 mV G −1 in the in-plane directions (X-and Y-axis), and 0.9 mV G −1 in the out-of-plane direction (Z-axis) and a measurement range of 0.3-6 G. Finally, the integration of the accelerometer and pressure sensor has also been demonstrated. In conclusion, these capacitive type CMOS MEMS accelerometers and pressure sensors can be fabricated and monolithically integrated on a single chip using this novel double-side postprocess.
